The object reconstruction from synthesized and noisy photothermal signals was carried out by deconvoluting contrast scans by means of photothermal point spread function. The unknown defect depth parameter was estimated by minimizing the "imaginary content" of the deconvoluted real valued defect distribution. The algorithm shows remarkable accuracy even in the presence of 10%-noise in finding the true defect depth. Essential for its convergence is an effective noise suppression which we achieved by a modified Wiener filter.
.Introduction
Photothermal techniques make it possible "to see" under the surface of opaque samples. Due to the diffusive nature of thermal waves and their mutual interference the images of buried objects are blurred. Resemblance between image and object fades out with increasing depth of the object. At photothermal imaging there arises the necessity to reconstruct buried defects from photothermal images. Recently some efforts are reported to solve this problem eg. [l] . Here we present a first attempt to make use of the photothermal point spread function as defined in [2] for object reconstruction. The method is based on the property of the photothermal image which can be expressed mathematically as a convolution integral of the point spread function G and a distribution function D of thermal inhomogeneities. Then the measurable photothermal contrast as defined in [3] can be written as
We have to keep in mind that G depends on both the defect depth and the kind of thermal inhomogeneity (thermal conductivity and/or thermal density). Below we restrict our considerations on two-dimensional thermal patterns whose extension in depth are small compared with their distance to sample surface or with thermal diffusion length.
Reconstruction of buried thermal inhomogeneities 2.1 Generation of the signals
In the following section we will consider the generation of "synthetic" photothermal signals by the photothermal PSF. We generate those signals by spatially convolving the object distribution D(x,y,q) with the PSF G(x,y,z,) given in [2] in order to simulate a scan across an infinitely thin stripe shaped defect of width 2R, infinitely extended in x direction and buried at depth z, [3] . So, the defect is only
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where @ is the Heaviside function. We generate the photothermal signal in terms of the amplitude contrast K, and phase contrast K,, In order to meet real conditions, under which photothermal experiments are carried out, one has to involve a certain amount of noise in the synthesized signal. We did this by adding an independently, uncorraletedly and uniformly distributed noise to amplitude and phase. Its value was set to a certain percentage of the contrast value just above the center of the defect. Figure  1 shows a typical contrast signal in amplitude and phase, obtained by the spatial convolution of a defect distribution D(y,z,=l,R=2) with an overlaid noise of 10%. These kinds of "synthesized" signals are the starting point for the proposed procedure of deconvolution.
Deconvolution of photothermal signals by means of the photothermal PSF
As the "measured" complex valued contrast K = KA + iK, is thought of being the result of a convolution, in principle, we can obtain the object distribution by appropriate deconvolution. By Fourier transforming all mathematical expressions (are labeled by indexes FT) DFT can be obtained as ratio KFT/GFT. But, in reality, there are at least 2 problems: 1) K results from noisy measurements. 2) Both defect depth z, and defect type are usually unknown and have to be estimated by the reconstruction procedure. To overcome these difficulties we write
The summand WF in the denominator represents a modified Wiener filter, its significance for the deconvolution process will be discussed in section 2.4. Obviously, we only obtain the true defect distribution D(x,y,z,) as the Fourier back transform of DFT(k,,&,%) if we deconvolute it with the correct GFT(k,,kY,zk), taken at the correct depth z, = z, assuming the same thermal type of defect in numerator and denominator. Usually, these values are unknown and we have to determine the correct GFT(kx,k,,z& from an independent criterion.
The deconvolution criterion
In order to obtain the correct defect distribution as the result of the deconvolution process one has to use such a G,(kx,ky,z3 in the denominator of equ.(3) which is as close as possible to the one corresponding to the actual inhomogeneity under test. One could repeat the deconvolution process with varying parameters in the denominator and so try to look for the best match. For simplicity, we restrict our efforts to the search of the unknown defect depth z, and deconvolute the "measured" contrast K(x,y,q) with a number of PSF's taken at guessed depths 2,. Scanning across the subsurface inhomogeneity measuring at N sample points yi, assuming a certain depth zk for each scan, we monitor the imaginary content of deconvoluted defect by a function Because D(x,y,q) has to be a real valued function we will find the correct depth z, = z, if rms(zk) = 0 or, in the presence of noise, rms(zk) reaches a minimum among the various depths investigated.
Numerically, this means to find the global minimum of the pointwise function rms = rms(z3.
Noise suppression
The proposed deconvolution procedure is very sensitive to noise and strongly needs a mechanism to suppress spikes in the deconvoluted result, which lead to a total loss in information after D,(k,,k,,z,) was Fourier transformed into D(x,y,z,). We follow the approach in [4] using the modified Wiener Filter in the denominator of equation 3. Adding a summand WF to the denominator prevents it from being too small. This kind of noise suppression can be derived from optimal Wiener filtering providing the noise has a white frequency dependence [5] . The constant WF reflects the power spectrum of the noise involved and has to be chosen appropriately. Figures 2b,c show the result of under-and over-filtering. Choosing the filter constant WF too small (under-filtering) results in a increase of noise in the deconvolution result making it impossible to recognize the shape of the defect and leading to a decrease in accuracy in determining the depth G. Over-filtering (WF too large) leads to smoothing out the defect distribution, it is not longer possible to determine the shape or size of the defect, although its depth z, is found with reasonable accuracy. Additional investigations also showed, that the deconvolution results only weakly depend on WF over a wide range, i.e. the choice of WF matching the power spectrum of the noise is not critical for the performance of the deconvolution algorithm. We could achieve reasonable results even for noise levels of about 10%-20%, a range which certainly covers the common experimental conditions. amplitude connast ja.u.] phase contrast [rad] 
Selected examples
Object reconstructions from buried stripe shaped inhomogeneities are reported. If the true type of thermal distortion is assumed then the true defect depth can be estimated with %-accuracy. If the type of thermal distortion is unknown an increase in uncertainty of reconstruction the size (as shown in Fig.3 ) and depth results. 
Limits and further development of the suggested method
Certainly the major drawback of the proposed method of inverting photothermal images is that one has to assume the general shape of the defect before carrying out the deconvolution. That means in the presented case of an indefinitely extended strip in x-direction to assume this geometry in order to use the ID-PSF. Also, so far we have developed the method only for very thin defects (in terms of p). The extension to real 3D defects is assumed to involve mathematical difficulties in deriving a 3D-PSF. Furthermore, it seems to be difficult to distinguish clearly between k-and bc)-defects at this level of theory. For further improvements one has to make use of the knowledge of the frequency dependence of G(x,y,q) and the signal. The next step will be the extension of the algorithm to higher dimensions. The presented case is a semi-2D problem, but even the application to disk shaped defects would require a 2D-PSF and therefore 2D-Fourier transformation. Additional difficulties will be encountered if we proceed with real measurements instead of the synthesized signals described above. Problems will arise from calibrating the depth and frequency axes by applying the deconvolution algorithm on real measurements.
